Abstract An efficient entry into highly substituted cyclopentanones is presented based on functionalizing cyclopentenones by means of an aza-Michael reaction with different aniline nucleophiles. The excellent diastereoselectivity of this process is ascribed to H-bonding between a tertiary alcohol and the incoming nucleophiles. Additionally, the functionalization of the parent cyclopentenones via the Baylis-Hillman reaction is demonstrated. Together, these transformations showcase the elaboration of a simple precursor by installation of versatile functionalities at either the α-or β-position of the embedded enone and thus represent valuable methods for the construction of diversely functionalized cyclopentanones.
The efficient assembly of suitably functionalized threedimensional building blocks has in recent years gained increasing interest as it allows for the generation of structures occupying new chemical and biological space.
1 Moreover, the sustainability of such processes is of increasing importance being a key feature that enables the reliable and future-proofed construction of such chiral building blocks. 2 Together with the operational simplicity and robustness modern synthesis efforts aim to adhere to green chemistry principles whenever possible. 3 In a recent synthesis program, we have, for instance, developed a flow process for converting bioderived D-glucono-1,5-lactone (1) into chiral cyclopentenone 4 in continuous mode (Scheme 1). 4 Highlights of this work included the application of powder dosing equipment and counter-current extraction modules allowing for the continuous production of 4 and selected key intermediates on large scale (>100 g). Furthermore, the successful implication of this route avoided the use of excessive or hazardous solvents and reagents as well as the need for chromatographic purifications. With a robust route to cyclopentenone 4 in hand we subsequently wished to study its conversion into further products of interest, especially those decorated with pendant amine functionalities. Crucially, we envisaged such aminohydroxycyclopentanones to be worthwhile targets as related structures such as (-)-agelastatin A (5), pactamycin (6) , or peramivir (7) are known to possess interesting biological properties. In addition, as highly efficient and modern routes towards such structures have been developed recently, 5 providing a rapid access to simplified derivatives is becoming equally desirable (Figure 1 ). 
Feature Syn thesis
We commenced our study by investigating the conjugate addition of different anilines 8 to cyclopentenone 4. Screening different solvents it was found that polar, aprotic solvents such as MeCN, 1,4-dioxane or DMF were preferred over nonpolar solvents (dichloromethane, toluene, hexanes), especially when high concentrations of 2-4 M were employed. We thus opted for MeCN as a suitable and benign solvent and subsequently studied the effect of different temperatures keeping the concentration at 3 M throughout. It was quickly established that temperatures of 50-75 °C gave full conversion within 6-12 hours whereas lower temperatures significantly slowed down the reaction. We therefore identified the ideal conditions to be the use of MeCN with high concentration of both substrates (4 and 8, 1:1 ratio, 3 M) at a reaction temperature of 70 °C (Scheme 2).
Scheme 2 Optimized conditions for preparing aniline adducts
With these conditions in hand, the reaction of a series of anilines with substrate 4 was next investigated aiming to establish the generality of this approach. We were thus pleased to see the smooth reaction of a variety of anilines under the established reaction conditions. As expected, electron-rich anilines gave faster reactions than neutral systems, whereas electron-poor anilines (R = 4-CN, 3-NO 2 ) gave very low conversion (~10%) to the desired product after 12-24 hours. It was also found that secondary anilines (R = H, N-methyl, or N-benzyl) were poor reaction partners due to steric hindrance, typically resulting in low conversion only (5-10% after 24 h). Importantly, a variety of different substitution patterns on the arene moiety of primary anilines was tolerated allowing for the creation of diversely functionalized systems. In addition, heteroaryl amines such as those based on pyridines, as well as biaryl amines are well tolerated in this transformation furnishing the desired adducts in good to excellent isolated yields and as a single diastereoisomer after purification via column chromatography (Scheme 3).
Crucially, these products were obtained as single diastereomers prompting us to investigate the origin of this stereoselectivity. We therefore crystallized products 9e and 9g allowing for single crystal diffraction experiments to be performed. These structures both indicate a syn-relationship between the tertiary alcohol and the amine functionality (Figure 2 ). 6 We reasoned that this diastereoselectivity is the result of hydrogen bonding where the hydroxyl group directs the incoming amine nucleophile in a syn-fashion (see Scheme 3). It appears that this hydrogen bonding is not disturbed by additional hydrogen bond acceptors such as the pyridine nitrogen as evidenced in structure 9g. 
Feature Syn thesis
Having accomplished the efficient functionalization of the β-position of the cyclopentenone building block 4, we furthermore wished to establish whether the adjacent α-position is amenable to effective derivatization. To this end, the reaction of 4 was exploited with a small selection of benzaldehydes 10 via a Baylis-Hillman reaction. After screening different solvents, it was found that a mixture of chloroform and THF (1:1 v/v, 1.5 M) worked best in combination with DABCO as a catalyst (25 mol%) to give the desired reaction products 11 (Scheme 4). Using 1 H NMR as a reliable technique to establish reaction progress allowed the identification of suitable conditions that promoted full conversion of all substrates within 10 hours at 40 °C.
Furthermore, we noticed that under the chosen reaction conditions cyclopentenone 4 is a fluctional species that undergoes additional transformations such as the formation of the rearrangement structure 4c (isolable yield 50-60%), which likely results from an allylic transposition reaction of 4 via intermediate 4b (Scheme 5).
Scheme 5 Reaction pathways of cyclopentenone 4
This material 4c was identified based on a combination of 1 H NMR and 13 C NMR techniques and did not form unless all components were present in the reaction mixture (4, 10, and DABCO). Based on this, we suggest a mechanism in which the aldehyde component is aiding in the allylic transposition by forming a covalent adduct 4a en route to intermediate 4b (Scheme 5). In addition, mixtures of 4 and 4c can be isolated after column chromatography for further analysis (see Supporting Information for details). However, as the desired Baylis-Hillman products 11 were obtained as principal products from this reaction, we surmise that 4b co-exists in an inconsequential equilibrium with 4 from which only 4 is partaking in the overall transformation. To confirm the connectivity of products 11, an X-ray crystal structure of derivative 11a was obtained. In agreement with NMR-spectroscopy, the X-ray diffraction experiments confirmed that these products 11a-d are formed as mixtures of diastereoisomers (d.r. ~1:1) 7 indicating that in this instance the more remote tertiary alcohol is not controlling the stereochemistry (Figure 3) .
In summary, we have developed efficient routes for the functionalization of a versatile cyclopentenone building block that was previously accessed via a continuous flow sequence from D-glucono-1,5-lactone. Initially, we investigated the aza-Michael addition of different anilines resulting in the diastereoselective formation of the corresponding adducts. We furthermore demonstrated the functionalization of the α-position of the cyclopentenone substrate via a Baylis-Hillman reaction. Whereas the desired products 
Feature Syn thesis
were obtained as mixtures of diastereoisomers, we discovered a complementary allylic transposition pathway that appears to be mediated by the aldehyde substrate, which we will investigate in due course.
Unless otherwise stated, all solvents were purchased from Fisher Scientific and used without further purification. Substrates and reagents were purchased from Alfa Aesar or Sigma Aldrich and used as received.
1 H NMR spectra were recorded on Bruker Avance-400, Varian VNMRS-600 or Varian VNMRS-700 instruments and are reported relative to residual solvent: CHCl 3 (δ 7.26). F NMR were recorded on the above instrument at a frequency of 376 MHz using CFCl 3 as external standard. DEPT-135, COSY, HSQC, HMBC, and NOESY experiments were used in the structural assignment. IR spectra were recorded on a PerkinElmer RX1 spectrophotometer (neat, ATR sampling) with the intensities of the characteristic signals being reported as weak (w, <20% of tallest signal), medium (m, 21-70% of tallest signal), or strong (s, >71% of tallest signal). Low-and high-resolution mass spectrometry were performed using the indicated techniques on either Waters LCT Premier XE or Waters TQD instruments equipped with Acquity UPLC and a lock-mass electrospray ion source.
Aminohydroxycyclopentanones 9a-i; General Procedure
The respective aniline 8 (1 mmol, 1.0 equiv) was added to a solution of cyclopentenone 4 (1 mmol, 1.0 equiv, 3 M, MeCN). The resulting mixture was heated at 75 °C and monitored by 1 H NMR spectroscopy. Once complete conversion of substrates was observed (6-12 h), the reaction mixture was evaporated and purified by silica column chromatography using EtOAc/hexanes (10-30% EtOAc) as solvent system. After evaporation of the volatiles, the desired products were typically isolated as yellow oils that solidified upon standing.
Methyl rac-(1S,2R)-2-[(4-Chlorophenyl)amino]-1-hydroxy-4-oxocyclopentanecarboxylate (9a)
Yellow oil; yield: 221 mg (78%). 
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